Titanium alloys and steel are widely used in the manufacture of medical implants [1] . In the 1980s, new materials were proposed for this purpose: zirco nium alloys, which are highly biocompatible and cor rosion resistant [2] . However, their relatively low strength has hindered their use.
Titanium alloys and steel are widely used in the manufacture of medical implants [1] . In the 1980s, new materials were proposed for this purpose: zirco nium alloys, which are highly biocompatible and cor rosion resistant [2] . However, their relatively low strength has hindered their use.
We know that the strength and performance of metallic polycrystals may be effectively increased at relatively low temperatures by the creation of ultrafine grain structure [3, 4] . The most common approach here is intense plastic deformation, which permits the creation of nanostructure. However, the strength of ultrafine grain alloys depends significantly not only on the size of the structural elements but also on the phase composition. We know that intense plas tic deformation may induce processes such as phase transformations, the decomposition of secondary phases, and the formation of supersaturated solid solutions [5, 6] . The development of these processes depends both on the alloy characteristics (the solubil ity of the alloying elements, the packing defect energy, the probability of twinning or phase transitions, etc.) and on the conditions (temperature, strain, etc.) employed in creating the ultrafine grain structure. Therefore, we need to investigate the influence of intense plastic deformation not only on the size of the structural elements but also on the phase composition and hence the strength and deformational behavior of the ultrafine grain structure.
In the present work, we investigate how the condi tions of intense plastic deformation (pressing with switching of the axis of deformation) affect the struc ture, phase composition, mechanical properties, and deformational behavior of ultrafine grain Zr-1Nb alloy (E110).
In the initial state, the alloy considered is character ized by polycrystalline structure (grain size 3-5 μm). Secondary phase particles are seen within and at the grain boundaries of the alloy; they vary in size from tens of nm to a few μm.
X ray structural analysis indicates that the alloy contains not only the basic phase Zr α but also the bcc phase Nb(Zr) (reflexes 1 and 2 in Fig. 1a ) and some quantity of the bcc phase Zr β and/or a corresponding solid solution of niobium, as well as impurities (reflex 3 in Fig. 1a) . A solid solution based on the Zr α phase may also be present (reflex 4 in Fig. 1a ). In the Zr α phase, we Abstract-The influence of intense plastic deformation on the formation of an ultrafine grain state in Zr1Nb alloy is considered, when the alloy contains secondary phase particles in the volume and at the grain boundaries. Pressing with gradual temperature reduction in the range 973-573 K leads to solution of the sec ondary phase particles and the formation of ultrafine grains and subgrains (mean size 0.25 ± 0.10 μm) in the alloy structure. In pressing at room temperature with intermediate annealing for 1 h in the range 873-803 K, ultrafine grains and subgrains (mean size 0.45 ± 0.18 μm) are formed in the alloy structure; the secondary phase particles are retained. The formation of ultrafine grain structure increases the strength and yield point of Zr-1Nb alloy by a factor of 1.5-2.0, with simultaneous localization of the plastic deformation and decrease in the uniform deformation; the deformation corresponding to failure is also reduced. The presence of secondary phase particles in the ultrafine grain structure, like the increase in grain size, prevents localiza tion of the plastic deformation and increases the strain hardening.
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note crystallographic texture in the direction [110]; its March-Dollase coefficient is about 0.55. Ultrafine grains and subgrains are formed in the alloy by pressing with switching of the axis of deforma tion, as described in [7] . We consider two options:
(1) pressing with gradual temperature reduction in the range 973-573 K;
(2) pressing at room temperature with intermediate annealing for 1 h in the range 873-803 K.
In both cases, the alloy is pressed in four cycles. In each cycle, the alloy is pressed three times. The reduc tion in a single pressing pass is 40-50%. The total reduction e Σ of the alloy may be calculated as e Σ = ln(l i -1 / l i ), where l is the upsetting length; i is the number of the pressing pass. After four pressing cycles, the total reduction e Σ is about 7.
In Fig. 2 , we show a typical electron microscope image of the structure of Zr-1Nb alloy after pressing in mode 1. (In Fig. 2a , the complex deformational contrast prevents a clear picture of the microstruc ture.) In images of an area of 1.4 μm 2 , we see numer ous reflexes uniformly positioned around the circum ference (Fig. 2c) . This indicates the presence of many very disoriented grains and subgrains per unit volume. In the dark field image (Fig. 2b) , we see submicronic grains and subgrains (0.1-0.5 μm). The mean size of the grains and subgrains determined in the dark field image is 0.25 ± 0.10 μm. X ray structural analysis indi cates that the phase composition of the Zr-1Nb alloy is modified after treatment 1 (Fig. 1b) . The diffraction pattern of the ultrafine grain structure does not include reflexes corresponding to the bcc phases Nb(Zr) and Zr β (Fig. 1b) . Those phases are also not indicated by the metallographic and electron micro scopic data. This suggests that in treatment 1 the sec ondary phase particles either dissolve or shrink to nanoparticles. In addition, after such pressing, the Zr-1Nb alloy is practically texture free.
After treatment 2, nonuniform structure with ultrafine grains and subgrains is produced. As well as sections where the elements are mainly in the range 0.1-0.3 μm, we also see sections with elements of size 0.3-0.9 μm. The mean size of the structural elements after treatment 2 is 0.45 ± 0.18 μm. That is almost twice the value for treatment 1. Electron diffraction and dark field data indicate that the structural ele ments are highly disoriented (Figs. 3a and 3b) . X ray structural analysis indicates that the phase composition is practically unchanged after treatment 2 (Fig. 1c) . Elec tron microscopic data confirm the presence of sec ondary phases within the basic Zr α phase. In particu lar, after treatment 2, the intensity of the (110) reflex is reduced, while that of the (200) reflex is increased. This indicates that the texture has been diminished. In Fig. 4 , we show typical true stress true strain plots for the extension of Zr-1Nb alloy in the fine grain and ultrafine grain states at 293 K. In general, three stages are seen on such plots: hardening, steady deformation, and falling stress. The length of each stage will depend on the alloy structure. For fine grain Zr-1Nb alloy, strain hardening is pronounced, and that stage is relatively long (Fig. 4a, curve 1 ). This stage is followed by steady deformation and then by a stage with falling stress. The uniform deformation ε fg in the fine grain state is about 17%, with total deformation δ of about 34% at failure. The dependence of the strain hardening coefficient η on the true deformation ε tr in the fine grain state consists of four stages (Fig. 4b, curve 1) . This is typical of materials in which deformation is associated with the motion of dislocations [8] .
The curves for ultrafine grain Zr-1Nb alloy include a short and relatively minor strain hardening stage (Fig. 4a, curves 2 and 3) . Steady deformation is absent. Instead there is a prolonged stage with falling stress, within which two stages of different steepness may be distinguished. The uniform deformation of the Zr-1Nb alloy is reduced to 2-4% in the ultrafine grain state; this is 4-8 times less than in the fine grain state. We conclude that little localization of the plastic macrodeformation occurs in the alloy when ultrafine grain structure is formed.
We find that localized deformation bands measur ing a few μm (mesobands) appear at the preliminarily polished surface of ultrafine grain samples at the strain hardening stage. The mesobands are discontin uous and inclined at a small angle (0°-15°) to the direction of load application. At the surface of the fine grain alloy, no such mesobands are seen. In the ultrafine grain structure after treatment 1, the meso bands form at lower plastic deformation than after treatment 2.
The macrolocalization of the deformation in the fine grain alloy is associated with mild necking. In both ultrafine grain states, the macrolocalization of the deformation consists of two stages. First, a distinct neck is formed at the beginning of the falling stress stage on the deformation curve. Then, as deformation develops in the region of the neck, we observe a suc cession of localized plastic deformation bands (width 0.2-0.3 mm), with a mutual inclination of 120°. (The development of such bands in ultrafine grain materi als was considered in detail in [9, 10] .) As for meso bands, the formation of localized deformation mac robands in the ultrafine grain structure obtained after treatment 1 occurs at smaller deformation than in the ultrafine grain structure obtained after treatment 2. On the tensile deformation plot, the appearance of localized deformation macrobands corresponds to increase in the slope in the falling stress stage (Fig. 4a,  curves 2 and 3) .
We know that the localization of plastic deforma tion in nonequilibrium metallic materials such as ultrafine grain metals and alloys obtained by intense plastic deformation is associated with obstruction of the dislocational motion on account of high internal stress [11] . On the other hand, some data suggest that the presence of hardening secondary phase particles in ultrafine grain materials hinders the cooperative grain boundary slip along the localized deformation bands, which interferes with localization of the plastic deformation even in nonuniform structures [10, 12] . Therefore, we may assume that the greater stability of the ultrafine grain structure of Zr-1Nb alloy after treatment 2 (the less pronounced localization of the plastic deformation) is due to two factors: the presence of secondary phase particles and also of large grains, within which the nucleation and motion of disloca tions is easier than in small grains [13] . This is con firmed by the different η-ε tr curves for ultrafine grain Zr-1Nb alloy after treatments 1 and 2. After treatment 1, we observe a two stage curve (Fig. 4b, curve 2) ; after treatment 2, we note a three stage structure (Fig. 4b,  curve 3) , which is closer to the typical form for mate rials in which deformation is due to the motion of dis locations. At the same time, the strain hardening coefficient in the initial stage of the curve is signifi cantly higher after treatment 2 than after treatment 1. This may be associated with the presence of second ary phase particles. Such particles are most likely also responsible for the better mechanical properties of the ultrafine grain alloy after treatment 2, which are evi dent in the table. Comparison of the mechanical prop erties of Zr-1Nb alloy in the ultrafine grain and fine grain states indicates that the ultrafine grain structure increases the microhardness H μ , yield point σ 0.2 , and strength σ u by a factor of 1.5-2.0. The deformation corresponding to failure is reduced by half, but remains acceptable.
CONCLUSIONS
The formation of ultrafine grain structure increases the strength and yield point of Zr-1Nb alloy signifi cantly (by a factor of 1.5-2.0), with simultaneous localization of the plastic deformation and decrease in the uniform deformation. Depending on the condi tions employed in pressing with switching of the axis of deformation, single phase or heterophase ultrafine grain structure may be formed. The presence of sec ondary phase particles in the ultrafine grain struc ture, like the increase in grain size, prevents localiza tion of the plastic deformation and changes the two stage dependence of the strain hardening coefficient on the true deformation to a three stage curve. That increases the strain hardening and the deformation becomes more uniform in comparison with single phase ultrafine grain structure. 
